Outcome of Acute Myeloid Leukemia (AML) {#S0001}
=======================================

Acute myeloid leukemia (AML) is a form of blood cancer derived from myeloid progenitor cells. It shows a rapid clinical course by infiltrating the bone marrow (BM), blood, and other tissues. The current therapy for newly diagnosed patients with AML involves induction therapy with myelo-suppressive cytotoxic agents including cytarabine and an anthracycline or anthracinedione drug, and post-remission intensification with chemotherapy or hematopoietic stem cell transplantation (HSCT).[@CIT0001]--[@CIT0003] Standard induction regimens include cytarabine for 7 days with an anthracycline for 3 days (7 + 3). These standard induction regimens achieve complete remission rates (CRRs) of 60--80% in adult patients. Unfortunately, many patients (between one-third and one-half of patients) will relapse, with an estimated 5-year disease-free survival (DFS) of 20--40%. Until now, no standard therapy is recognized for patients with relapsed and/or refractory AML (RR-AML).[@CIT0004]--[@CIT0006] Studies on pediatric AML cases have reported dramatically improved remission induction rates of approximately 90% and five-year event-free survival of about 50% with the advent of anthracycline-based chemotherapy regimens and improvements in supportive care.[@CIT0007],[@CIT0008] In contrast, the natural course of AML in patients older than 60 years is dismal, that is, approximately CRRs of 40--65%, relapse rates of 60--85% within 2--3 years of diagnosis, median overall survival (OS) of less than 6 months, and a 5-year OS of only 3--8%.[@CIT0009] Together with post-remission therapy (additional chemotherapy and/or HSCT, 5-year survival rates of \<5--20% and \>40% are achieved for patients older and younger than 60 years, respectively.[@CIT0010] About 25% of patients with AML fail to respond to initial therapy (refractory AML), and about 50% of patients who respond initially to treatment would relapse after a transient remission (relapsed AML). These RR-AML patients show a poor outcome with a median survival of less than 6 months and less than 10% 3-year overall survival rate (OSR).[@CIT0001],[@CIT0007] However, patients with acute promyelocytic leukemia (APL) fare substantially better than other subtypes of AML in response to targeted therapy based on all-trans retinoic acid (ATRA) combined with cytarabine or arsenic trioxide. They achieve CR and long-term remission rates of \>90 and \>80%, respectively. APL is driven by fusion proteins acting as transcription factors and involving the retinoic acid receptor alpha (RARA).[@CIT0010],[@CIT0011] Despite the advent of modern chemotherapy, the prognosis of patients with AML has remained poor, depending on the patient's age and the presence or absence of specific somatically acquired genetic alterations. The poor prognosis and the substantially lower long-term survival rates in AML are due to either relapse or drug resistance. In light of the poor survival reported by studies, continued efforts to explore effective therapies are greatly important in RR-AML. The treatment of RR-AML remains one of the most formidable challenges in oncology today. Todays, novel therapeutic strategies are needed to improve the cure rate of patients with RR-AML wherein the duration of the first remission remains the strongest predictive factor for the outcome with salvage therapy.[@CIT0003]--[@CIT0005]

Combination Regimens and Salvage Chemotherapy of AML {#S0002}
====================================================

The patients with AML who have received the standard 7 + 3 protocol as initial induction regimen and show primary refractory response (defined PR-AML) receive salvage regimen at first relapse. According to different properties of each drug, various combined chemotherapy regimens have been developed for salvage therapy after the first relapse. The CRR for those with early relapse, defined usually as relapse less than 6--12 months from induction treatment, ranges from 18% to 41%. The CRR for those with late relapse usually defined as relapse after 6--12 months of induction treatment, is 46% to 83%. The overall survival, however, is 10--29% at 3 years.[@CIT0001],[@CIT0012] However, long-term survival for children with relapsed AML ranges between 20% and 33%.[@CIT0007] In patients with RR-AML, various combination regimens including cytarabine, granulocyte colony-stimulating factor (G-CSF), and fludarabine (FLAG); cytarabine, G-CSF and aclarubicin or daunorubicin (CAG/DAG); cytarabine, G-CSF, and cladribine (CLAG); cytarabine, etoposide, and mitoxantrone (MEC); cytarabine plus idarubicin, daunorubicin, or mitoxantrone (IA/DA/MA); and homoharringtonine, cytarabine, and aclarubicin or daunorubicin (HAA/HAD) have been investigated as salvage therapy.[@CIT0001],[@CIT0004] In salvage therapy, regimens that contain high-dose cytarabine in combination with other agents such as mitoxantrone, etoposide, fludarabine, or cladribine have shown superior activity. In RR-AML, regimens containing CLAG or MEC have been reported to yield significant CRR of 50% and 25--60%, respectively.[@CIT0004] It has been reported that patients receiving the CLAG-based regimen achieved higher overall response rates (ORRs) and significant favorable OS.[@CIT0001],[@CIT0004] In a study on patients aged ≤65 years, 36% of the CLAG patients proceeded to allogeneic HSCT vs 25% of the MEC patients. In another study on patients with primary refractory AML (PR-AML) who received salvage regimens CLAG and MEC as the first re-induction therapy, the achieved CRR was 45.5% vs 22.2%, respectively. The median OSR for the refractory disease was reported 11.0 months for CLAG and 4.5 months for MEC. There are additional reports from RR-AML patients that regimens containing CLAG or MEC yield superior CRRs of 50% and 25%, respectively.[@CIT0004],[@CIT0012] Therefore, CLAG-based regimens have been introduced as a prioritized treatment option for RR-AML patients.[@CIT0001],[@CIT0004],[@CIT0012] Similarly, in a study in pediatric patients with RR-AML, a combination of clofarabine/cytarabine in the non-anthracycline-based treatment showed a clinically significant activity with good tolerability and overall response rate. In that study, a dose of 52 mg/m^2^/day for 5 days of clofarabine in combination with cytarabine was used. This salvage therapy with clofarabine/cytarabine combination yielded an acceptable response rate (complete remission plus complete remission with partial platelet recovery) of about 48% without excess toxicity in these high-risk children with RR-AML. Patients were found to have no minimal residual disease at the end of the first cycle by flow cytometric analysis, and responders had a 1-year superior OS of 100% vs 38% in nonresponders. The significance of "bridge to transplant" was demonstrated by the 3-year OS rate of 46% ± 27% for responders versus 16% ± 16% for nonresponders. The nearly 50% survival rate reported in high-risk children with RR-AML is highly encouraging and shows that this combination is an effective bridge to HSCT.[@CIT0008] Also, in a Phase I trial conducted on pediatric patients with RR-AML, it was concluded that the rational combinations of clofarabine with cyclophosphamide and etoposide have a superior effect than a single-agent trial of clofarabine. The overall response rate for patients treated with a single-agent trial of clofarabine was 38% vs 100% in rational combinations of clofarabine with cyclophosphamide and etoposide ([Table 1](#T0001){ref-type="table"}).[@CIT0007] From a molecular point of view, clofarabine, fludarabine (in FLAG) and cladribine (in CLAG regimens) are all purine nucleoside analogues ([Table 2](#T0002){ref-type="table"}) which possess similar structures and share the same functional mechanisms in increasing the concentration of Ara-CTP, which is the active metabolite of cytarabine and cytotoxic to leukemic cells; however, they present some differences in the interaction with DNA metabolizing enzymes. These purine nucleoside analogues are utilized during consolidation therapy for RR-AML, which act as inhibitors of DNA repair and would enhance the cytotoxicity of DNA-damaging agents such as cyclophosphamide, anthracyclines and etoposide.[@CIT0001],[@CIT0006],[@CIT0007] Studies demonstrate that fludarabine/cytarabine combinations also have efficacy in RR-AML patients. In this regard, combinations of fludarabine, cytarabine, and G-CSF (FLAG) or FLAG with daunorubicin in patients \>10 years old who developed disease recurrence after a variety of de novo therapeutic regimens after two cycles, showed CRRs of 59% and 69%, respectively. Additionally, a combination of DNA-intercalating agent mitoxantrone and cytarabine in RR-AML children yielded an ORR of 58%.[@CIT0008] Based on preclinical studies, FLAM regimen consisting of flavopiridol, cytarabine, and mitoxantrone shows synergism with standard chemotherapeutic agents and yields significantly higher CRRs in comparison to 7 + 3 protocol in newly diagnosed younger adults with intermediate and poor-risk AML, although no differences in OS or event-free survival (EFS) have been reported. Herein, stronger and alternative subsequent chemotherapy has been recommended for patients with CR to maintain longer CR and better OS. An intensive post-remission therapy that included conventional chemotherapy with the combination regimen is recommended to be followed in patients who achieved CR.[@CIT0005],[@CIT0012] Accordingly, a combination of low-dose cytarabine and an alkaloid ester called homoharringtonine (HHT) with G-CSF (CHG regimen) would show considerable efficacy in patients with advanced myelodysplastic syndromes (MDS) or MDS-transformed acute myeloid leukemia (t-AML). The efficacy of HHT has been reported in de novo and relapsed AML and in chronic myeloid leukemia, too. In a study after one course of CHG medication, 46.9% of patients achieved CR and 25.0% achieved PR, with an ORR of 71.9%. The response rate among patients aged \>70 years was 78.6% (64.3% CR and 14.3% PR), whereas in patients aged \<70 years the response rate was reported 66.7% (33.3% CR and 33.3% PR). Moreover, there was no severe non-hematological toxicity or myelosuppression which are usually observed in patients under conventional induction chemotherapies. Therefore, an induction therapy consisting of CHG priming regimen was recommended, since it is well tolerated and effective in patients with advanced MDS or t-AML. So, stronger and alternative subsequent chemotherapy was used for patients with CR to maintain longer CR and better OS. Importantly, in post-remission chemotherapy of patients achieving CR, combined mitoxantrone or idarubicin with cytarabine besides homoharringtonine and daunorubicin caused a CR duration of about 10 months in 64% and continuous CR in 36%, whereas those receiving only homoharringtonine and cytarabine or daunorubicin and cytarabine all suffered a relapse and had a mean CR of about 6 months.[@CIT0001],[@CIT0012]Table 1Superior Response to Combination of Clofarabine/Cyclophosphamide/Etoposide in Pediatric Patients with Relapsed and Refractory AML in Phase I Trials[@CIT0007]ResponseRatio (%)\*Clof. Single Agent Treatment\*\*Clof, Cycl, Etop TreatmentCR1/8 (13%)3/3 (100%)PR\*\*2/8 (25%)--CR + CRp3/8 (38%)3/3 (100%)[^1]Table 2FDA approved purine /pyrimidine anti-metabolites used in the combination therapy of AML[@CIT0006]Drug Name/StructureDrug Name/Structure5-Aza-cytidine![](JEP_A_254334_O_ILF0001.jpg){#ILF0001}5-Aza-2′-deoxycytidine (decitabine)![](JEP_A_254334_O_ILF0002.jpg){#ILF0002}2′-Fluoro-2′-deoxyarabinofuranosyl-2-chloroadenine (clofarabine)![](JEP_A_254334_O_ILF0003.jpg){#ILF0003}Arabino-furanosyl-cytosine (cytarabine)![](JEP_A_254334_O_ILF0004.jpg){#ILF0004}Arabinofuranosyl-2-fluoroadenine (fludarabine)![](JEP_A_254334_O_ILF0005.jpg){#ILF0005}2-Chloro-2′-deoxyadenosine (cladribine)![](JEP_A_254334_O_ILF0006.jpg){#ILF0006}6-Thioguanine![](JEP_A_254334_O_ILF0007.jpg){#ILF0007}6-Mercaptopurine![](JEP_A_254334_O_ILF0008.jpg){#ILF0008}

Molecular Mechanisms in AML & Combination Therapies {#S0003}
===================================================

Like other malignant diseases, AML is a result of somatically acquired genetic lesions (eg, numerical and structural chromosome aberrations and single nucleotide mutations), accumulated in hematopoietic stem cells (HSCs) during the lifetime of an individual which consequently lead to the formation of preleukemic stem cells. Additional mutations in these cells are required, often in genes coding for signaling proteins or transcription factors, to promote the transformation to leukemic stem cells and, finally, overt AML. Over 100 gene mutations and genetic abnormalities accumulated in a specific order have been reported in AML, reflecting the heterogeneity of the disease and the presence of multiple active pathogenetic pathways. Remarkably, there are a subset of healthy individuals exhibiting low levels of clonal hematopoietic cells that could, but did not necessarily, involve early leukemogenic driver mutations. Accordingly, these affected persons carry a substantially increased, albeit in absolute terms still low, risk to develop hematological malignancies. Furthermore, early mutations would exist in phenotypically and functionally normal HSCs in a substantial proportion of AML patients, which often persist in remission. Thus, a large proportion of stem cells whose a subset may already have attained molecular changes (sometimes very small), or may have emerged during cytostatic therapy, can regrow and lead to post-remission recurrence.[@CIT0002],[@CIT0003],[@CIT0010],[@CIT0011] Mutations that activate signal transduction pathways lead to proliferative survival advantages and may be targeted with small molecule inhibitors of the specific mutations, such as FLT3, C-Kit, and RAS, while mutations that lead to inhibition of differentiation may be targeted with differentiating agents (eg ATRA for patients with APL). Targeted agents need therefore to be used in combination with each other and with cytotoxic agents to inhibit the multiple pathways present in AML and to improve response rates ([Figure 1](#F0001){ref-type="fig"}) ([Table 3](#T0003){ref-type="table"}). For instance, FLT3-targeted tyrosine kinase inhibitors target signal transduction pathways of cell growth, while deoxynucleoside anti-metabolites would target DNA synthesis and repair which impair DNA metabolism.[@CIT0005],[@CIT0007],[@CIT0011] Regarding DNA repair and its crucial roles in the development and progression of a wide array of cancers and their response to therapy, it is not surprising that there are increased efforts to validate DNA damage response and repair proteins as therapeutic targets and develop agents against these targets ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}).[@CIT0011],[@CIT0013] The repair of DNA damage relies on particular pathways classified into the excision repair, nucleotide excision repair (NER), base excision repair (BER), and mismatch repair (MMR) ([Figure 2](#F0002){ref-type="fig"}). Additionally, the homologous recombination (HR) repair or homology-directed repair (HDR) is a major pathway in DNA damage in which the damage is not necessarily removed, but tolerated by using homologous template sequences to synthesize the sequence complementary to the damaged area of the genome. Importantly, the ability of cancer cells to repair therapeutically induced DNA damage impacts drug efficacy. Many cytotoxic agents including the widely prescribed anthracyclines, cyclophosphamide and cisplatin impart their clinical efficacy via the induction of DNA damage. This has led to targeting DNA repair pathways and proteins to develop anti-cancer agents that will increase sensitivity to traditional chemotherapeutics ([Figure 2](#F0002){ref-type="fig"}) ([Table 3](#T0003){ref-type="table"}).[@CIT0009],[@CIT0013],[@CIT0014] Herein, cisplatin, as a cytotoxic agent in the contest of high-risk RR-AML and in combination with high-dose cytarabine and etoposide has shown effective salvage chemotherapy. Cisplatin is a DNA-damaging agent that is widely used in cancer chemotherapy of solid tumors and has successful therapeutic outcomes for head and neck, lung, ovarian, and testicular cancers. The traditionally accepted mechanism of action of cisplatin involves its cross-linking to DNA, forming intra- and interstrand adducts ([Figure 2](#F0002){ref-type="fig"}), which unwind the duplex and attract high-mobility-group domain and other proteins. The shielding effect of these proteins results in the poor repair of the cisplatin-modified DNA, thereby leading to activation of several signal transduction pathways (including those involving ATF, p53, p73, and MAPK) and ultimately cell apoptosis.[@CIT0014],[@CIT0015]Table 3A Summary of Anti-AML Drugs, Targets and Mechanisms of ActionDrugTargetsMechanism of ActionDeoxycytidine analoguesAzacitidine, decitabine, cytarabineDNMT (low dose)[@CIT0029]Inhibiting DNA methylation, activating CDKN1C (the cell-cycle regulator p57KIP2), RAR genes, growth factor- families (DLK1, HGF), S-phase-active chemotherapeutic agents[@CIT0006],[@CIT0029]DNA Pol (primary target)Inhibiting DNA replication & inducing apoptosis,[@CIT0001],[@CIT0006],[@CIT0020] impairment of DNA repair, inhibiting DNPS pathway[@CIT0006],[@CIT0007]dCKPhosphorylating all deoxynucleoside analogues, converting to deoxynucleotides which compete with natural substrates & incorporating into DNA[@CIT0006],[@CIT0020]RNRDepleting the deoxynucleotide pool, limiting DNA synthesis,[@CIT0006],[@CIT0007]Purine analoguesThiopurinesPRT (primary target)Activating antimetabolites,[@CIT0006],[@CIT0020]HGPRTConverted to 6-thioguanosine-5′-triphosphate which is readily incorporated into RNA[@CIT0006],[@CIT0023]RNRIncorporation into DNA & inhibiting DNA methylation, impairing DNA repair by futile cycle[@CIT0006],[@CIT0023],[@CIT0029]DNPS (secondary target)Greater antileukemic effects, purine deprivation, leading to inhibition of DNA synthesis[@CIT0006],[@CIT0023]Purine nucleoside analoguesFludarabine, cladribine, clofarabineDNA Pol (primary target)Inhibiting DNA replication & inducing apoptosis,[@CIT0001],[@CIT0006],[@CIT0020] impairment of DNA repair[@CIT0006],[@CIT0007]dCKPhosphorylating all deoxynucleoside analogues which compete with natural substrates,[@CIT0006],[@CIT0020] inhibiting DNPS pathwayRNRConversion to deoxynucleotides & incorporation into DNA, inhibiting DNA methylation,[@CIT0006],[@CIT0020],[@CIT0029] inhibiting RNR, depleting the deoxynucleotide pool, limiting DNA synthesis,[@CIT0006],[@CIT0007] impairing DNA repair by a futile cycleNucleoside transportersIncreasing the cellular uptake as well as accumulation of Ara-CTP in leukemic blasts[@CIT0001]AnthracyclinesAclarubicin, doxorubicin, Daunorubicin, idarubicin, mitoxantroneDNA intercalating agentsDNA strands break inducers by inhibiting TOP I/II, DNA Pol and DNA repair enzymes, with cytarabine enhanced DNA breaks due to inhibiting repair of DNA in leukemia cells, G1 block facilitators[@CIT0001],[@CIT0016]EtoposideTOP I/IILike as anthracyclines[@CIT0001]Antagonists of surface growth receptorsMidostaurin, Sorafenib, Gilteritinib, CrenolanibTKs: FLT3 kinase, KIT, VEGFR, PDGFR; kinase CInhibiting a cascade of downstream pathways including the RAS, Src/JAK (Janus kinase), and PI3K pathways that signal cell proliferation[@CIT0005],[@CIT0010],[@CIT0017]G-CSFG-CSF receptorsFrequently expressed in leukemic blasts than in healthy BM cells, increasing leukemic blasts in the S-phase, enhancing the cytotoxicity of S-phase-active chemotherapeutic agents such as cytarabine, promoting differentiation in myeloid cells[@CIT0001],[@CIT0012]HHTDNA incorporation into the DNAInhibits DNA synthesis, induces apoptosis in a variety of AML cells in a dose dependent manner, a G1/G2 phase-specific chemotherapeutic agent[@CIT0012]CisplatinCross-linking DNA, forming intra- and interstrand adductsDNA-damaging, cytotoxic & carcinogenic potential, effective salvage chemotherapy in high-risk relapsed or refractory AML in combination with high dose cytarabine and etoposide, attracting high-mobility-group proteins, activating ATF, p53, p73, and MAPK[@CIT0015]ATRARAR-RXRForming a transcription activator to activate the genes required for promyelocyte differentiation[@CIT0030]HDACiHDACsOpening chromatin & double strand breaks, increasing p53, acetylated p53, p21 Bad, Bim, Bix, Noxa expression, and enhances the apoptotic response of AML cells, G1/S or G2/M transition blockage[@CIT0009],[@CIT0029] in rational combination with docetaxel, doxorubicin, etoposide, and cisplatin shows additive or synergistic effects[@CIT0015],[@CIT0024][^2] Figure 1Summary of agents that target genome, epigenome, and signal transduction pathways in a cancerous hematopoietic cell. Inhibition of HDACs and TKRs in cancer cells displays anti-proliferative and pro-apoptotic activities in drug-resistant in vivo tumor models. The mechanisms of deoxynucleoside anti-metabolites are quite similar. They are converted to their respective nucleotide analogues which inhibit DNA synthesis, repair and methylation by inhibition of DNA polymerases and DNMTs besides inducing DNA damages by incorporation into DNA. The incorporation of these agents into DNA is difficult to repair and causes a lasting inhibition of DNA synthesis or disruption of DNA function. HDACi increases the chromatin accessibility for DNA-damaging agents and Top II inhibitors and down-regulation of DNA repair.**Abbreviations:** HDACs, histone deacetylases; TKRs, tyrosine kinase receptors; FLT3, FMS-like tyrosine kinase 3; ITD, FLT3-internal tandem duplications (FLT3-ITD mutations in or near the juxtamembrane domain); TKD, FLT3-tyrosine kinase domain mutations; DNMTs, DNA methyltransferase; SAHA, vorinostat; TSA, trichostatin A; VPA, valproic acid; PB, phenylbutyrate; HMAs, hypomethylating agents.Figure 2Targeting DNA and its repairing pathways by chemotherapy agents in AML. Therapeutics agents commonly impart their clinical efficacy via the induction of DNA damage or targeting DNA repair factors directly or indirectly. The repair of DNA damage relies on particular pathways to remedy specific types of damage to DNA. The range of insults to DNA includes small, modest changes in the structure including mismatched bases and simple methylation events to oxidized bases, intra- and interstrand DNA crosslinks, DNA double-strand breaks and protein--DNA adducts. HDACi causes down-regulation of dsDNA-break repair by affecting components of both NHEJ and HR repair pathways. Anthracyclines are widely used with deoxynucleoside antimetabolites where they exert their anti-leukemia effects through interacting with Top II and inhibiting replication and repair of DNA in leukemia cells, respectively. HDACi increases the chromatin accessibility for DNA-damaging agents and Top II inhibitors and down-regulation of DNA repair. Cisplatin and cyclophosphamide form intra- and interstrand adducts and leading to cross-linking of DNA.**Abbreviations:** AML, acute myeloid leukemia; NER, nucleotide excision repair; BER, base excision repair; HDR, homology-directed repair; FA, Fanconi anemia; HR, homologous recombination; DDR, DNA damage response; NHEJ, non-homologous end joining; SSBs, single-strand breaks; DSB, double-strand breaks; PARP, poly(ADP-ribose) polymerase; NAD+, nicotinamide adenine dinucleotide; PARPi, PARP inhibitors; AMLXP, xeroderma pigmentosum; ATM, ataxia telangiectasia mutated kinase; ATR, ATM-Rad3 related kinase; Chk, checkpoint kinase; DNA pol, DNA polymerase; DNA-PK, DNA-dependent protein kinase; Top II, topoisomerase II; HDACi, Histone deacetylase inhibitors.

Anthracyclines, DNA-Intercalating Therapeutics of AML {#S0003-S2001}
-----------------------------------------------------

Anthracyclin and cytosine arabinoside-based chemotherapy are widely used in the treatment of AML with successful CR in the majority of patients with AML; however, approximately 50% of patients receiving this chemotherapy will relapse within 1 to 2 years, and 5-year survival rates for patients \<60 years old remain less than 50%.[@CIT0009],[@CIT0016] The anthracycline compounds seem to activate multiple signaling events including a sphingomyelinase-initiated sphingomyelin-ceramide pathway, mitogen-activated kinase and stress-activated protein/c-Jun N-terminal kinase signaling, Fas/Fas-ligand pathway and transcription factors activation such as nuclear factor-kB.[@CIT0016] In fact, the most known mechanisms of action of anthracyclines are to inhibit DNA and RNA synthesis by intercalating between base pairs of the DNA/RNA strand, thus preventing the replication of rapidly growing cancer cells. They also inhibit the activity of topoisomerase II (Top II) enzyme, which ultimately leads to broken DNA chains. The major cytotoxicity effect mediated by anthracyclines is through the drug-induced double-strand breaks to DNA. This damage is mediated by intercalation-induced distortion of the double helix, or stabilization of the cleavable complex formed between DNA and Top II ([Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}) ([Table 3](#T0003){ref-type="table"}).[@CIT0009] Studies display that anthracycline-induced apoptosis in AML cells also involves the induction of the WAF1/CIP1 p21 pathway. The WAF1/CIP1 p21 protein is a strong inhibitor of cyclin-dependent kinases involved in G1 to S transition, a mechanism that may account for G1 block after anthracycline exposure in p53 proficient cells.[@CIT0016] Anthracyclines are not the only antitumor agents that activate the DNA damage pathways; indeed, other genotoxic agents such as ultraviolet ray, ionizing radiation, alkylating agents, etoposide and nucleoside anti-metabolites as well as nongenotoxic agents such as microtubule poisons also activate these pathways. Observations suggest a general DNA damage pathway in mediating cell death induced by antitumor agents.[@CIT0006],[@CIT0014],[@CIT0016] In this regard and as mentioned above, the alkaloid ester HHT in combination with the low-dose cytarabine and G-CSF (CHG regimen) exhibits considerable efficacy in patients with advanced MDS, t-AML, de novo and relapsed AML and in chronic myeloid leukemia. Herein, HHT induces apoptosis in a variety of AML cells in a dose-dependent manner, by incorporation into the DNA of leukemic cells and inhibition of DNA synthesis. HHT is a G1/G2 phase-specific chemotherapeutic agent, whereas cytarabine is an S-phase-active chemotherapeutic agent. On the other side, G-CSF receptors are more frequently expressed in leukemic blasts than in healthy BM cells, wherein may increase the fraction of leukemic blasts in the S-phase, thereby enhancing the cytotoxicity of S-phase-active chemotherapeutic agents such as cytarabine and reducing the LC~50~ of cytarabine. Besides effectively inhibiting leukemic colony formation (by 50%), HHT also induces the endoplasmic reticulum stress pathway.[@CIT0001],[@CIT0012]Figure 3The sequence-specific administration of HDAC and DNMT inhibitors prior to topoisomerase II--inhibitor administration is of an utmost importance in the chemotherapy of AML. Concurrently and continuously administration of HDACi and DNMTi before chemotherapy sensitizes tumor cells to genotoxic agents, and synergistically increases expression of silenced tumor suppressors and promotes cell death and differentiation. Cisplatin, doxorubicin, etoposide are DNA-damaging agents and topoisomerase II (TOP II) inhibitors which induce DSB in the DNA of cancer cells and induce cytotoxic effects.**Abbreviations:** HDACi, histone deacetylase inhibitors; DNMTi, DNA methyltransferase inhibitors; DSB, DNA strand breaks.

Topoisomerase Inhibitors, DNA Damage-Inducing Therapeutics of AML {#S0003-S2002}
-----------------------------------------------------------------

Topoisomerases (Top) catalyze the cleavage of DNA backbone in order to facilitate DNA unwinding during replication. Topoisomerase targeting causes topoisomerase-mediated DNA strand breaks.[@CIT0014] Several cytotoxic Top II inhibitors are currently supplied in salvage chemotherapy for RR-AML.[@CIT0001],[@CIT0004],[@CIT0005] The Top I inhibitors; irinotecan, topotecan, karenitecin and camptothecin are used for colorectal, gastric, lung and cervical cancers. However, inhibitors of Top II like anthracyclines (eg doxorubicin), epirubicin, etoposide, and mitoxantrone are used in the treatment of lymphomas, leukemias and breast cancer.[@CIT0013],[@CIT0014] By inducing DNA damage and inhibiting repair of DNA in leukemia cells, anthracyclines daunorubicin and idarubicin are widely used in combination with cytarabine in RR-AML. Etoposide, a direct Top II inhibitor, and mitoxantrone which is a DNA-intercalating agent and acts similar to anthracyclines, are both used in salvage therapy for the treatment of RR-AML patients ([Table 3](#T0003){ref-type="table"}) ([Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}).[@CIT0001],[@CIT0004] TOP II inhibitors especially induce dsDNA breaks. DNA repair pathways involved in repairing dsDNA-breaks include ATM, BRCA1, CHK2 and Ku70--Ku80 heterodimers whose recruitment to the site of damage leads to their activation and initiation of DNA repair response. Downstream of these pathways, there is the DNA damage response protein p53 phosphorylated by ATM.[@CIT0013],[@CIT0014] The oligosaccharide aclarubicin is another anthracycline inhibiting DNA replication which as well repairs DNA by interacting with Top I/II. Regardless of gene status, it is effective against multidrug resistance and shows lower cardiac toxicity than doxorubicin.[@CIT0001],[@CIT0004] Additionally, the combination of low-dose cytarabine and aclarubicin with the concurrent administration of G-CSF (CAG regimen) is efficacious and recommended in the treatment of RR-AML as well as in the treatment of high-risk MDS and t-AML. In old patients with AML and t-AML and also in patients with advanced MDS, the CAG regimen has achieved a high response rate. Myelosuppression and other toxicities have been apparently lower and less frequent in patients with the CAG regimen.[@CIT0001],[@CIT0012] Importantly, in patients \>60 y old, with relapse AML or refractory to 1 or two cycles of previous anthracycline-containing induction chemotherapy, a combination of vosaroxin and cytarabine has shown the greatest benefit. These patients survived after a median of 39.9 months of follow-up. This has been particularly observed among those with refractory disease or early relapse. Vosaroxin is an anti-cancer quinolone derivative that intercalates DNA and inhibits Top II, thereby inducing cell-cycle arrest and p53-independent apoptosis. The recommended dose of vosaroxin in old patients is 70 mg/m^2^ on days 1 and 4, in combination with standard dose decitabine as the preferred dose.[@CIT0005]

Nucleoside Anti-Metabolites, Inhibitors of DNA Metabolism in AML {#S0003-S2003}
----------------------------------------------------------------

There are three primary classes of FDA-approved purine and pyrimidine antimetabolites: thiopurines, fluoropyrimidines, and the deoxynucleoside analogues (the largest class and the most efficient compounds) ([Table 2](#T0002){ref-type="table"}). The basic mechanism of action of purine and pyrimidine antimetabolites is quite similar ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}). These compounds are diffused into the cells mainly through the membrane nucleoside transporters and are converted into their respective nucleotide analogues of cellular nucleotides by enzymes of the purine or pyrimidine metabolic pathways. The nucleotide analogues then inhibit one or more enzymes that are critical for DNA synthesis, DNA repair and replication, culminating in DNA damage and induction of apoptosis. They inhibit DNA replication and repair by inhibiting DNA polymerases and ribonucleotide reductase, as well as inhibiting DNA methylation by DNMTs.[@CIT0006],[@CIT0017],[@CIT0018] The incorporation of these agents into DNA is the most important aspect of their mechanism of action. Drug incorporation into DNA induces an apurinic/apyrimidinic site which is recognized by the apurinic/apyrimidinic endonuclease 1 (APE 1), and causes a DNA-single strand break damage. DNA repair enzymes then recognize single-strand break, where a futile cycle of re-repair and re-synthesis is initiated ([Figure 2](#F0002){ref-type="fig"}). Mismatch repair enzymes recognize incorporated antimetabolite, which also consequently causes a futile cycle of repair and results in lethal DNA damage.[@CIT0006],[@CIT0013],[@CIT0019] On the other side, human DNA polymerases α, δ and Є involved in DNA replication and repair are the primary targets of the nucleoside analogues ([Figure 2](#F0002){ref-type="fig"}).[@CIT0006] So, the analogues' incorporation is difficult to repair and causes a lasting inhibition of DNA synthesis or disruption of DNA function.[@CIT0006],[@CIT0013] However, in spite of some similarities, each of these agents and their metabolites imparts unique properties and results in unique clinical activity. There are differences in the interaction of these agents and their metabolites with various metabolic enzymes and intracellular targets.[@CIT0017]--[@CIT0019] For example, clofarabine demonstrates more excellent efficacy in the treatment of pediatric RR-acute lymphoblastic leukemia/AML than cladribine which differs in only one fluorine atom ([Table 2](#T0002){ref-type="table"}). Clinical results indicate that small structural modifications of nucleoside analogues can have profound effects on their chemical stability and biological activity.[@CIT0012],[@CIT0020] Higher anticancer activity of a drug is also associated with higher affinity for nucleoside transporters, deoxycytidine kinase (dCK, a constitutively expressed key cytosolic enzyme involved in the salvage pathway of DNA synthesis), and key enzymes involved in DNA synthesis, eg ribonucleotide reductase (RNR) and DNA polymerase α, δ and Є which are primarily involved in chromosomal replication. In this regard, the primary target of the deoxynucleoside analogues is the DNA polymerases involved in DNA replication.[@CIT0012],[@CIT0013],[@CIT0021] Although there are five kinase enzymes in human cells phosphorylating deoxynucleoside analogues (eg deoxycytidine and deoxyguanosine kinase, thymidine kinase 1/2, and 5′-nucleotidase), but among them, the primary rate-limiting enzyme for activation of most of the approved nucleoside analogues is dCK. This enzyme recognizes and phosphorylates all deoxynucleoside analogues, preferred as natural substrates.[@CIT0012],[@CIT0022] A known molecular mechanism underlying antimetabolite resistance is reduced activity of the dCK, as has previously been found to be the case with cladribine. Therefore, the primary or acquired drug resistance in AML treatment can be due to alteration in the activity of one or more actors in the metabolic pathway of these antimetabolites.[@CIT0013]

### Deoxycytidine Analogues (Cytarabine, Azacitidine, Decitabine) {#S0003-S2003-S3001}

Cytarabine and its analogs azacytidine (aza-Cyd) and decitabine (aza-dCyd) are primary components of numerous chemotherapy regimens in AML and play a crucial role in treating RR-AML patients ([Table 2](#T0002){ref-type="table"}). A combination of cytarabine with other cytotoxic agents or hematopoietic growth factors is often used as an intensive chemotherapy regimen of AML or as salvage therapy for RR-AML.[@CIT0001],[@CIT0004],[@CIT0006],[@CIT0012] High-dose (HD) cytarabine has been applied as a post-remission treatment for decades; however, recent recommendations favor lower doses which incur less toxicities. It is proposed that HD cytarabine given as consolidation treatment for patients with AML has no significant impact on survival parameters in comparison to intermediate-/low-dose (ID/LD) cytarabine. There are treatment trials with cumulative HD cytarabine doses between 20,000 mg/m^2^ and 72,000 mg/m^2^ and cumulative ID/LD cytarabine doses between 700 mg/m^2^ and 18,000 mg/m^2^, while RFS and OS rates at 3--5 years show the statistically insignificant difference between them (in both patient groups, those of age ≤64 or \>64 years).[@CIT0022] Once cytarabine and its analogs enter into leukemic cells, they form triphosphate products, which inhibit DNA polymerase and ultimately induce apoptosis by terminating the chain elongation of DNA.[@CIT0001],[@CIT0006] Cytarabine has been mostly administered in combination with DNA-damaging/Top II--inhibitor drugs daunorubicin, idarubicin, aclarubicin, azathioprine, etoposide, cyclophosphamide, and mitoxantrone.[@CIT0022] Cytarabine, decitabine and azacytidine at low doses (75 mg/m^2^/day × 5) exhibit DNMT-inhibitory activity while high doses of drug (1.5 g/m^2^/day × 4) act as a cytotoxic chemotherapeutic for the treatment of AML ([Figure 3](#F0003){ref-type="fig"}).[@CIT0006],[@CIT0017] Azacytidine and decitabine are two DNMT inhibitors that have been extensively used in clinic to treat AML and MDS ([Tables 3](#T0003){ref-type="table"} and [4](#T0004){ref-type="table"}).[@CIT0017],[@CIT0020] They are incorporated into newly synthesized DNA strands, and lead to a marked decrease in DNMT activity, which may be the catalyst that allows differentiation to proceed. Replacement of deoxycytidine residues by aza-dCyd inhibits DNA methylation in daughter cells, eventually resulting in the activation of epigenetically repressed genes.[@CIT0006] This is important in disease states such as MDS and AML, in which immature myeloid cells are often arrested in the early stages of development ([Figure 2](#F0002){ref-type="fig"}).[@CIT0020] Similar to thiopurines (mercaptopurine (MP)/thioguanine (TG)), aza-Cyd/aza-dCyd also readily incorporates into DNA strands and extend into internal positions in DNA by the DNA polymerase α. Once incorporated, aza-dCyd/aza-Cyd inhibits DNA methylation ([Figure 1](#F0001){ref-type="fig"}).[@CIT0006],[@CIT0020],[@CIT0022] Although the primary mechanism of action of aza-dCyd/aza-Cyd is supposed to be through the inhibition of DNA methylation, at high doses it can impart other effects that may contribute to its antitumor activity ([Figure 3](#F0003){ref-type="fig"}). The mechanisms of action of deoxynucleoside analogues (eg cladribine, cytarabine and aza-dCyd/aza-Cyd) can be explained as below ([Table 3](#T0003){ref-type="table"}):Table 4Conventional Chemotherapy of Leukemia and Rational Chemotherapy Combinations with Histone Deacetylase Inhibitors in Phase II/III Clinical Trials.[@CIT0014]HDACiCancerCombination(s)VorinostatLymphomaPegylated liposomal doxorubicinT-cell lymphomaCyclophosphamide/vincristine/doxorubicin/prednisoneDLBCLRituximab/cyclophosphamide/vincristine/prednisoneLarge B-cell lymphomaRituximab/cyclophosphamide/etoposide/prednisoneHIV-associated DLBCLRituximab/cyclophosphamide/vincristine/doxorubicin/prednisonePanobinostatMelanomaDecitabine/temozolomideMultiple myeloma and lymphomasEverolimusValproic acidMDS5-azacytidine/ATRAMDS/AMLDecitabine; 5-azacytidine/ATRAAMLDecitabine/ATRA[^3]

1.  I\) As a purine/pyrimidine analog, they inhibit RNR, lower the cellular deoxynucleotide pools, and interfere with DNA replication which subsequently reduces proliferation of leukemic blasts leading to numerically higher ORR and better OS in RR-AML patients. Purine/pyrimidine analogs are metabolized into their respective nucleotide antimetabolites, which inhibit DNA synthesis by DNA polymerase α, δ and Є and/or DNA polymerase β, which is involved in DNA replication and repair.

2.  II\) Deoxynucleoside analogs (eg cladribine, cytarabine) form active antimetabolites in leukemic blasts, which are readily incorporated into DNA strands and terminate DNA extension in DNA replication. At the same time, cellular uptake increases with resultant accumulation of deoxynucleoside analogs in leukemic blasts.

3.  III\) The bioactivations of deoxynucleoside analogues (eg cladribine, cytarabine) need the participation of dCK and RNR whose activities, in turn, are negatively regulated by deoxynucleotides. The RNR catalyzes the formation of deoxynucleotides from nucleotide analogs. For instance, RNR is inhibited by up-taken cladribine and cytarabine so that the level of real deoxynucleotides is indirectly decreased, further increasing the activity of dCK. Therefore, the level of deoxynucleotide analogs, which are the active metabolite of deoxynucleotides, is raised due to the elevated level of dCK activity. In brief, the addition of deoxynucleoside analogues results in loss of the negative feedback described above, thereby increasing uptake and accumulation of deoxynucleoside analogs, leading to better outcomes by salvage regimens.

4.  IV\) Incorporation of deoxynucleotide analogs into DNA strands inhibits DNA methyltransferases while consuming cellular methyl donors and inducing downregulation of DNA methyltransferases. Consequently, the methylation of DNA is remarkably impaired and methyl donors are reduced, whereby inducing cell death in leukemic blasts.[@CIT0001],[@CIT0006],[@CIT0019],[@CIT0023]

### Purine Anti-Metabolites (Thiopurines, Clofarabine, Cladribine, Fludarabine) {#S0003-S2003-S3002}

Until now, five purine deoxynucleoside analogs have been approved for the treatment of cancers. Clofarabine, cladribine and fludarabine are deoxyadenosine analogs of adenosine which retain the 2-halogenated aglycone and confer resistance to cellular degradation by adenosine deaminase ([Table 2](#T0002){ref-type="table"}). To increase the stability of adenosine analogs, the 2-hydrogen atom is replaced with a halogen atom (eg, fluorine or chlorine) which results in a molecule resistant to inactivation by adenosine deaminase. Additionally in clofarabine, the second halogen atom at the 2' position of the arabino configuration is replaced with fluorine, which prevents cleavage of the glycosidic bond by bacterial purine nucleoside phosphorylase and stabilizes the compound in acidic environments of the gastrointestinal tract. These substitutions improve compound oral bioavailability and prevent the release of neurotoxic halogenated adenine.[@CIT0006]--[@CIT0008] Likepyrimidines, purine analog triphosphates are substrates for DNA polymerases for incorporation into DNA which inhibits DNA polymerases and RNR ([Table 3](#T0003){ref-type="table"}). Moreover, as inhibitors of DNA repair, deoxyadenosine analogues enhance the cytotoxicity of DNA-damaging agents such as cyclophosphamide and etoposide. Combinations of deoxyadenosine analogue with cyclophosphamide and etoposide are utilized during consolidation therapy for pediatric AML patients with the first relapse. Etoposide and cyclophosphamide can be escalated to their target doses of 100 mg/m^2^/day and 440 mg/m^2^/day, respectively ([Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}).[@CIT0006],[@CIT0019],[@CIT0022] Herein, clofarabine, fludarabine and cladribine have been designed to integrate similar molecular mechanistic properties. They require intracellular phosphorylation by dCK to form the active dATP analogues before inhibition of DNA polymerase. The produced analogues are potent inhibitors of RNR, whereby in combination with cytarabine leads to accumulation of the cytotoxic triphosphate form of cytarabine (ara-CTP) in leukemic cells ([Table 3](#T0003){ref-type="table"}).[@CIT0006]--[@CIT0008] Ara-CTP is the active metabolite of cytarabine and its accumulation is cytotoxic to leukemic cells. Moreover, they also differ in interaction with enzymes.[@CIT0001],[@CIT0006] Fludarabine primarily inhibits DNA polymerases and cladribine mainly inhibits RNR, while clofarabine inhibits both DNA polymerases and RNR. Regarding the deoxyadenosine analog clofarabine, the inhibition of DNA polymerases leads to impairment of DNA synthesis and repair through the incorporation of clofarabine monophosphate into the DNA chain. Inhibition of RNR depletes the deoxynucleotide pool primarily of dCTP and dATP. The reduction in dCTP concentrations limits DNA synthesis, while the reduction in dATP creates a favorable environment for clofarabine triphosphate to compete with dATP for incorporation into DNA. In addition, clofarabine has a greater affinity than cladribine or fludarabine for dCK, the enzyme required for intracellular phosphorylation to its monophosphorylated form.[@CIT0006],[@CIT0019] The third mechanism of action by these compounds is by inducing DNA strand breaks ([Figure 1](#F0001){ref-type="fig"}) leading to the release of cytochrome c from mitochondria and activation of apoptotic pathways.[@CIT0006],[@CIT0007] Human studies have indicated a potent anti-leukemic nature for clofarabine. In a study, there was a consistent decline (68--99%) in the WBC count in all acute leukemia patients treated with 40 mg/m^2^ of clofarabine after 5 days, indicating its high potency. DNA synthesis is inhibited by 75--95% at the end of the infusion of clofarabine at doses ranging from 22.5 to 55 mg/m^2^. Specifically, the decrease in DNA synthesis has been shown to be associated with the accumulation of clofarabine triphosphates in the blasts of adults with refractory leukemias. There is a dose-dependent effect by clofarabine treatment.[@CIT0019] However, thiopurine antimetabolites ([Table 2](#T0002){ref-type="table"}) exhibit two mechanisms of action contributing to their anticancer activity; inhibition of de novo purine synthesis and incorporation into DNA as 6-thio-2′-deoxyguanosine. Mercaptopurine (MP) is a good substrate for phosphoribosyl transferase, a primary rate-limiting enzyme in the de novo pathway. Phosphoribosyl transferases are the most important enzymes in activating thiopurine antimetabolites. MP does not inhibit DNA polymerase activity, but its incorporation into DNA results in DNA damage as its antitumor activity ([Table 3](#T0003){ref-type="table"}).[@CIT0006],[@CIT0019],[@CIT0023] Full de novo purine synthesis (DNPS) inhibition would be associated with greater antileukemic effects compared with partial or no inhibition. Studies report constitutive activity of DNPS in T cell- and B cell-lineage ALL and they are more DNPS-dependent compared with other leukemias. Furthermore, the rate of DNPS in bone marrow leukemia cells is 3-fold higher in patients with T-lineage ALL compared with those with B-lineage ALL. In patients with B-lineage ALL or T-lineage ALL, just those having full inhibition of DNPS show a greater decrease in circulating leukocytes compared with those with partial or no inhibition of DNPS. The consequence of DNPS inhibition by antimetabolites is purine deprivation, leading to inhibition of DNA synthesis, decreased cell proliferation, and cytotoxicity. Methotrexate (MTX) and MP synergistically inhibit DNPS. DNPS is not consistently inhibited following MP alone but is markedly inhibited following MTX plus MP.[@CIT0006],[@CIT0023]

Targeting Epigenetics in AML {#S0004}
============================

Encouraging results from clinical trials using newly developed epigenetic treatments in hematological malignancies MDS, CML and AML have been obtained ([Table 4](#T0004){ref-type="table"}) ([Figure 3](#F0003){ref-type="fig"}).[@CIT0024] The silencing of tumor-suppressor genes such as p16, BRCA1 and DAP kinase is observed in these malignancies, which is mediated by concert work of DNA methyltransferases (DNMTs) and histone deacetylases (HDACs).[@CIT0014],[@CIT0017] Therefore, these genes are representing rational therapeutic targets for the re-expression of silenced tumor suppressors in malignancies. A combination of both strategies (silencing epigenetics and re-expression of tumor suppressor) would improve the limited anticancer efficacy observed with either therapeutic class alone.[@CIT0014],[@CIT0025] Exposure of leukemia cell lines with extensive CpG island hypermethylation of silenced genes to a combination of epigenetic modifying drugs results in increased expression of the majority of silenced genes, whereas few genes would be down-regulated.[@CIT0026] Inhibition of the HDACs and DNMTs results in transcriptional activation of the corresponding genes including tumor-suppressor genes often silenced in cancers,[@CIT0025],[@CIT0027] wherein several cycles of therapeutics are required and duration of inhibitors is emphasized for the manifestations of hematologic responses. The most common class of agents to be combined with DNMT inhibitors has been pan-HDAC inhibitors which improve survival in AML patients treated with azacitidine ([Table 4](#T0004){ref-type="table"}) ([Figure 3](#F0003){ref-type="fig"}).[@CIT0027] In addition, therapeutic combinations of HDAC inhibitors with DNA damage-inducing agents such as docetaxel, doxorubicin, etoposide and cisplatin have shown superior and additive or synergistic effects. HDAC inhibitors cause an open chromatin conformation that is more accessible to DNA-targeting agents and augment the activity of therapeutics ([Figures 2](#F0002){ref-type="fig"} and [4](#F0004){ref-type="fig"}).[@CIT0013],[@CIT0024]Figure 4Histone deacetylase inhibitors and mechanism of action which have shown benefits in early-phase clinical trials for the treatment of myeloproliferative disorders (eg, MDS and AML). Vorinostat, panobinostat and valproic acid are pan-HDAC inhibitors.

Demethylating Agents in AML {#S0004-S2001}
---------------------------

Deoxycytidine analogues azacitidine, decitabine and zebularine are DNA methyltransferase inhibitors acting as hypomethylating agents and are currently considered as non-intensive therapy for MDS and AML ([Table 4](#T0004){ref-type="table"}). It was reported that the DNMT inhibitor cytarabine causes an S-phase arrest through hypomethylating activity. At low doses, the compounds reduce genomic DNA methylation as a consequence of their irreversible binding to DNMT after incorporation into newly synthesized DNA.[@CIT0020],[@CIT0026],[@CIT0027] Once incorporated in the genome, deoxycytidine analogues form irreversible adducts with DNMTs in their interactions with DNA, then depleting DNMTs from the cell during replication and reducing DNA methylation in subsequent rounds of cell division. In Phase III randomized trials using both azacytidine and decitabine, overall survival, hematopoietic response and time of progression to AML in patients with low- and high-risk MDS were increased. Thus, both are recommended for the treatment of low-risk MDS ([Table 3](#T0003){ref-type="table"}). For high-risk MDS patients not eligible for intensive therapy (eg, HSCT or chemotherapy), azacytidine is the preferred treatment option, as increased survival compared with decitabine was observed.[@CIT0014],[@CIT0023] Interference with aberrant DNA methylation, leading to the reactivation of silenced tumor-suppressor genes, accounts, at least in part, for the DNMT inhibitors' antitumoral effects. The CDKN1C gene, which encodes the cell-cycle regulator p57KIP2 and has a canonical 50-CpG island, is markedly up-regulated following treatment with azacytidine and decitabine, but not cytarabine. The hepatocyte growth factor (HGF) gene shows fourfold induction after azacytidine whereas it is upregulated only twofold by all other substances. The HGF is involved in proliferation and survival pathways in leukemia. Further genes of interest have been found up-regulated following treatment with the four cytosine nucleoside analogues including three members of the inhibitor of DNA-binding protein family (ID1, ID2 and ID3), which were previously identified as retinoic-acid-responsive genes in acute promyelocytic leukemia.[@CIT0020],[@CIT0026],[@CIT0027] Especially, RR-AML treatment with hypomethylating agents is time course-depended. For example in a Phase II trial, patients receiving 60 mg/m^2^/day DNA hypomethylating agents (HMA) for 10 days per cycle exhibited superior outcomes and better rates for CR and OS in comparison with those who received the drug for 5 days per cycle. The longer 10-day dosing induced significantly more potent and longer demethylation besides significantly more anemia and thrombocytopenia.[@CIT0005]

DNMT inhibitors preferentially azacitidine have been recommended for old patients in whom improving overall survival is observed. In this aspect, the AZA-001 study firmly established azacitidine as the treatment of choice for patients with high-risk MDS not proceeding to allogeneic HSCT. Compared with the induction conventional chemotherapy composed of cytarabine plus anthracycline, the azacitidine-treated group demonstrated increased median survival and twice the 2-year survival compared with patients in the conventional care group.[@CIT0027] A proposed strategy for increasing the response rate, quality, or duration of responses has been to combine azanucleosides with other agents, either strategically or empirically ([Tables 3](#T0003){ref-type="table"} and [4](#T0004){ref-type="table"}). For example, HDAC inhibitor vorinostat in combination with idarubicin and cytarabine as induction therapy for AML patients about 65 years old or younger \[57\] exhibited a higher ORR of 85% and 100% in those with additional FLT3--ITD mutations.[@CIT0017],[@CIT0027] In many trials, treatment of patients with a combination of HDAC and DNMT inhibitors has decreased global DNA methylation and reversed aberrant hypermethylation of specific tumor-suppressor promoters; however, it is not the only mechanism elicited by a combination of these inhibitors ([Figure 3](#F0003){ref-type="fig"}) ([Table 5](#T0005){ref-type="table"}).[@CIT0014] The administration of azacytidine (75 mg/m^2^ for 5 days) with escalating doses of panobinostat (3 times a week for 7 doses) on a monthly basis in AML and high-risk MDS patients resulted in high ORR in MDS (\~50%) and AML patients (\~31%). Panobinostat, a hydroxamic acid derivative, is a pan-HDAC inhibitor that causes a transient reduction in AML blasts ([Table 5](#T0005){ref-type="table"}). The pan-HDAC inhibitor can transiently increase the expression levels of silenced genes including p53 and p21 tumor suppressors which may subsequently enhance the apoptotic response of AML cells, predominantly in those with higher CD34 expression ([Figure 4](#F0004){ref-type="fig"}).[@CIT0009],[@CIT0028] Data for DNMT inhibitors emphasize the importance of patience and therapy duration in the use of these drugs, and several cycles are required for the manifestations of hematologic responses. The most common class of agents to be combined with DNMT inhibitors has been found pan-HDAC inhibitors which improve survival in AML patients treated with azacitidine.[@CIT0009],[@CIT0027]Table 5Rational Combinations of Histone Deacetylase Inhibitors: Hydroxamic Acid-Based HDAC Inhibitors, The Zinc-Dependent HDAC Inhibitors, in Phase II/III Clinical Trials.[@CIT0014],[@CIT0023],[@CIT0028],[@CIT0029],[@CIT0032]HDAC Inhibitors (HDACi)HDAC ClassCombinationCancer Types**Hydroxamic Acid-Based HDAC Inhibitors**![](JEP_A_254334_O_ILF0009.jpg){#ILF0009}I, II & IV[@CIT0023] Zn2+-dependentBortezomibMultiple myelomaCHOPPeripheral T-cell lymphoma (PTCL)Marizomib/ Whole brain radiationNSCLC or head and neck cancerFDA approved for CTCLCTCL![](JEP_A_254334_O_ILF0010.jpg){#ILF0010}I, II & IV[@CIT0023] Zn2+-dependent-Myelodysplastic syndrome (MDS)-Acute myeloid leukemia (AML)FDA approved for treatment of PTCLPeripheral T-cell lymphoma (PTCL)![](JEP_A_254334_O_ILF0011.jpg){#ILF0011}I & II Zn2+-dependentPhase I--II (p.o.)Refractory leukemia and myelomasRefractory myelomasMyeloproliferative neoplasms (MPN)Hodgkin's lymphoma![](JEP_A_254334_O_ILF0012.jpg){#ILF0012}I, II & IV[@CIT0023] Zn2+-dependentLicensed by FDA for treatment of multiple myeloma & CTCLMultiple myelomaMyelodysplastic syndrome (MDS)Relapsed/refractory Hodgkin\'s lymphomaCutaneous T-cell lymphomaNon‐Hodgkin's lymphoma, sickle cell disease![](JEP_A_254334_O_ILF0013.jpg){#ILF0013}I, II & IV Zn2+-dependentMyelofibrosis (MF)

HDAC Inhibitors in AML {#S0004-S2002}
----------------------

Class I, II and IV HDACs require Zn^2+^ for deacetylase activity and are inhibited by zinc-chelating compounds. Class III HDACs belong to the sirtuins family and are NAD-dependent which is inhibited by nicotinamide analogues ([Table 6](#T0006){ref-type="table"}). Class I HDACs (HDACs 1--3, 8) are generally localized in the nucleus, whereas class IIa (HDACS 4, 5, 7, 9) can shuttle between the nucleus and the cytoplasm. Class IV represents only one enzyme HDAC11, which shares some structural similarity with both classes I and II ([Figure 4](#F0004){ref-type="fig"}).[@CIT0014],[@CIT0025],[@CIT0028] HDAC inhibitors have come out as targets for specific epigenetic changes associated with cancer and other epigenetic-related disorders. The rationales and clinical progress of several combinations with HDAC inhibitors in the treatment of leukemia have shown clinical benefits for patients with cancer, and prompt the investigation of novel treatment combinations with other conventional therapeutics. The most rational combinations include DNA-damaging chemotherapeutic agents, DNMT inhibitors and various small-molecule TKR inhibitors ([Figure 1](#F0001){ref-type="fig"}--[3](#F0003){ref-type="fig"}).[@CIT0024],[@CIT0028] HDAC inhibitors appear to be active in AML, MDS, lymphomas and cutaneous T-cell lymphoma (CTCL) ([Table 4](#T0004){ref-type="table"}). Vorinostat and romi.tifin are two HDAC inhibitors approved by the FDA to be administered for patients with progressive, persistent or recurrent CTCL after one or more lines of chemotherapy.[@CIT0014],[@CIT0024],[@CIT0029] In the case of persistent or recurrent CTCL, a phase II trial of daily oral administration of vorinostat (400 mg) exhibited an objective response of approximately 30% wherein continuous daily administration of vorinostat led to the greater response of 31% vs 9% in patients treated with intermittent dosing.[@CIT0014] In clinical trials, HDAC-inhibitor combinations with conventional chemotherapy have demonstrated improved response rates despite uniformly disappointing results attained so far from HDAC-inhibitor monotherapy ([Table 4](#T0004){ref-type="table"}). In clinical trials for the treatment of myeloproliferative disorders (eg, MDS and AML), HDAC inhibitors showed limited benefit when were used as single therapeutic agents, while in concurrent administration with DNMT inhibitors synergistically increased the expression of silenced tumor suppressors and promoted cell death and differentiation of HSCs ([Figure 3](#F0003){ref-type="fig"}).[@CIT0014],[@CIT0029] In a study by Gogo and colleagues treating advanced and high-risk AML patients with vorinostat at escalating doses for 7 days followed by etoposide (100 mg/m^2^) and cytarabine (1 to 2 g/m^2^) on days 11 to 14, they documented an ORR of 33% and a median remission time of 7 months. The CR was achieved in 46% of those patients treated with the MTD of 200 mg vorinostat twice daily.[@CIT0009] A phase Ib/II study of azacytidine (75 mg/m^2^/day × 5) combined with escalating doses of panobinostat (10--40 mg/day) in intensive chemotherapy, naïve AML and MDS patients produced an ORR of 31% for AML and 50% for MDS. In another phase Ib/II study, a combination of panobinostat with intensive induction chemotherapy was used for old patients with newly diagnosed AML. In this study, patients received the standard idarubicin (8 mg/m^2^/day × 3) and cytarabine (100 mg/m^2^/day × 7) plus panobinostat at escalating doses (10--40 mg/day). Patients who attained CR received a consolidation cycle with the same combination, followed by panobinostat maintenance until progression. CR was observed in 64% of the patients, with a time to relapse of 17 months.[@CIT0017] HDAC inhibitors are recommended to be used continuously and concurrently with intensive combination chemotherapy in newly diagnosed AML ([Table 5](#T0005){ref-type="table"}).[@CIT0014],[@CIT0017],[@CIT0027] In a phase I study of vorinostat (400 mg/day) used either sequentially or concurrently with decitabine (20 mg/m^2^/day × 5), 2 of 13 AML patients with relapsed/refractory disease treated concurrently attained complete remission but none of the 15 patients treated on the sequential protocol responded.[@CIT0017] The pan-HDAC inhibitor vorinostat has been demonstrated to act synergistically with Top inhibitor, potentiate the cytotoxic effect of gemcitabine and sensitize cancer cells to cisplatin. These agents can induce the expression of pro-apoptotic genes, cellular differentiation and/or cell-cycle arrest.[@CIT0029] It has been established that G1 arrest is also a result of HDAC inhibitor-mediated down-regulation of cyclin proteins, mainly cyclin D and A.[@CIT0025] Molecularly, HDACs are participating to remodel chromatin and playing a crucial role in the epigenetic regulation of gene expression ([Figure 4](#F0004){ref-type="fig"}). HDACs through the deacetylation process regulate the expression of a variety of genes involved in cell-cycle control, proliferation, survival, DNA repair and differentiation ([Figures 2](#F0002){ref-type="fig"} and [4](#F0004){ref-type="fig"}). Moreover, HDACs inhibitors mediate epigenetic silencing of common translocations associated with certain hematological malignancies (eg, AML-ETO fusion protein).[@CIT0014],[@CIT0028],[@CIT0029] Accordingly, a combination of arsenic trioxide and ATRA without chemotherapy can yield a 100% CR and a 97% 2-year event-free survival in low-risk APL patients. Reading this, patients with APL are treated with ATRA which alters the corepressor activity of the fusion protein PML-RARα, bypasses the differentiation block of the leukemic cells, and eventually induces differentiation of the myeloid lineage with very successful results.[@CIT0011],[@CIT0021] PML-RARα acts as a transcriptional repressor of differentiation and apoptosis, by recruiting the co-repressor complexes containing HDACs. However, transcriptional repression by PML-RARα can be turned off in the pharmacological concentrations of ATRA and can induce transcription activation by dissociation of corepressor complexes from PML-RARα and subsequent degradation of PML-RARA.[@CIT0021],[@CIT0030],[@CIT0031] Therefore, it is expected that in combination with HMAs, HDAC inhibitors restore expression of silenced genes by remodeling the tightly coiled chromatin, leading to subsequent induction of differentiation, arrest in the progression of the cell cycle, or apoptosis.[@CIT0020] Importantly, the specific sequence of drug administration would significantly affect the synergy between HDAC inhibitors and topoisomerase II inhibitors ([Figure 3](#F0003){ref-type="fig"}). In preclinical studies, the greater efficacies were observed when tumor cells were first exposed to HDAC inhibitors prior to exposure to DNA damage-inducing agents. In breast cancer and other tumor cells, HDAC-inhibitors pretreatment correlates with the decondensation of chromatin observed in these tumors.[@CIT0014],[@CIT0024],[@CIT0029] Based on clinical results, any role expected for HDAC inhibitor in the future development of therapeutics for AML will involve sequence-specific combination with intensive conventional chemotherapy ([Figure 3](#F0003){ref-type="fig"}).[@CIT0017],[@CIT0027]Table 6Rational Combinations of Histone Deacetylase Inhibitors: Benzamide- and Short-Chain Fatty Acid-Based HDAC Inhibitors, The Zinc-Dependent HDAC Inhibitors, in Phase II/III Clinical Trials.[@CIT0014],[@CIT0023],[@CIT0028],[@CIT0029],[@CIT0032]HDAC Inhibitors (HDACi)HDAC ClassCombinationCancer Types**Benzamide Based HDAC Inhibitors**![](JEP_A_254334_O_ILF0014.jpg){#ILF0014}Mocetinostat (MGCD0103)I and IV Zn^2+^-dependentPhase I--II (p.o.)Leukemia & various tumors (eg, follicular lymphomas, Hodgkin lymphoma)-Myelodysplastic syndrome (MDS)-Chronic lymphocytic leukemia (CLL)-Relapsed Hodgkin's lymphoma![](JEP_A_254334_O_ILF0015.jpg){#ILF0015}Entinostat (MS-275)I Zn^2+^-dependent-Refractory solid tumors and lymphoma**Short Chain Fatty Acid Based HDAC Inhibitors**![](JEP_A_254334_O_ILF0016.jpg){#ILF0016}PhenylbutyrateI and II Zn^2+^-dependent-Refractory solid tumor or lymphomaAzacitidineAcute myeloid leukemia or MDS, NSCLCPhase II (p.o.)Lymphoma![](JEP_A_254334_O_ILF0017.jpg){#ILF0017}Valproic acidI Zn^2+^-dependentLeukemiaLymphomaHead and neck cancer or thyroid neoplasmCervical cancer, ovarian cancer

Mechanism of Rational Combinations of Epigenetic Modifiers in AML {#S0005}
=================================================================

Rational combinations of DNMT and HDAC inhibitors with DNA damage-inducing therapies synergistically enhance the growth inhibition and apoptotic effects of DNA-damaging agents. DNMT and HDAC inhibitors increase chromatin accessibility while at the same time cause downregulation of DNA repair processes ([Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}). Pharmacological inhibition of DNMTs and HDACs leads to local relaxation of chromatin which subsequently affects chromatin structure on a larger scale and decreases condensed heterochromatin regions within the nucleus. Herein, combined inhibitors permit greater access of intercalating agents into the nuclear dsDNA. Therefore, combinations of DNMT and HDAC inhibitors with DNA-damaging agents have a global impact on the accessibility of DNA-damaging agents to their targets as well as affecting DNA dynamics directly ([Figure 4](#F0004){ref-type="fig"}).[@CIT0014],[@CIT0025],[@CIT0028] Until now, five clinically relevant combinations have been defined; HDAC inhibitors, DNMT inhibitors, DNA-damaging chemotherapy, hormonal therapy and receptor tyrosine kinase pathway inhibitors ([Tables 3](#T0003){ref-type="table"} and [4](#T0004){ref-type="table"}). Prior administration of HDAC and DNMT inhibitors to topoisomerase inhibitors would enhance cleavage of the DNA backbone in order to facilitate DNA damage. Inhibitors of topoisomerase II, which include doxorubicin, epirubicin and etoposide, are widely used in lymphomas, leukemias and many other cancers.[@CIT0027],[@CIT0029],[@CIT0032] The sequence of drug administration in such schemes has been shown to be of an utmost importance. HDACi administration before conventional chemotherapy sensitizes tumor cells to genotoxic agents. In an in vitro assay, administration of trichostatin A and vorinostat before doxorubicin and cisplatin increased cell sensitivity more than 10-fold, whereas the inverse order of drug administration was useless ([Figure 3](#F0003){ref-type="fig"}).[@CIT0014],[@CIT0025],[@CIT0029] In several phase I/II clinical trials, the sequence-specific administration of HDAC inhibitors prior to topoisomerase II--inhibitor administration demonstrated a considerable high response rate to chemotherapy (\~64%). The results imply that pretreatment with an HDAC inhibitor (eg valproic acid for 48 h prior to administration of the topoisomerase II inhibitor epirubicin), would be an efficient therapy.[@CIT0014] Additionally, HDAC inhibitors reduce HDAC interactions with a variety of vital DNA repair components including ATM, ATR, BRCA1 and p53 whereby decrease their interaction with DNA. At the same time, HDACi diminishes repair kinetics by down-regulating the activity of repairing proteins such as Ku70 and Ku80. The sequence-specific administration of HDAC inhibitors and DNA-damaging agents can act synergistically in damaging the DNA and diminishing the DNA repair system in cancerous cells ([Figure 2](#F0002){ref-type="fig"}).[@CIT0014],[@CIT0025] This complex biochemical reaction of HDACi can eventually lead to double-strand breaks (DSBs) in DNA.[@CIT0029] Indeed, the sensitivity of cancer cells to HDACi can be attributed to causing DNA damage where normal but not cancer cells do have time to repair.[@CIT0032] In transformed cells, the level of a biomarker of DBSs in DNA, phosphorylated histone variant γH2AX, increases with continued culture with vorinostat whereas normal cells repair the DSBs despite continued exposure to vorinostat.[@CIT0029] On the other side, the nucleotide antimetabolites 5-aza-cytidine and 5-aza-2′-deoxycytidine, which inhibit DNMT and promote an open chromatin frame conducive for gene transcription and a greater chance for DNA-damaging agents, are currently used to kill cancer cells. In one manner or another, they also inhibit the synthesis of DNA or interfere with the synthesis of other major macromolecules (protein, RNA, lipid, etc.).[@CIT0006],[@CIT0014] Therefore, combining an HDAC inhibitor with a DNMT inhibitor may lead to a greater expression of silenced genes, a greater DNA damage through the interaction of topoisomerase inhibitors in DNA and a stronger signaling to the cell death.[@CIT0014] In this regard, a phase I/II clinical trial with a combination of the HDAC inhibitor valproic acid and HMA decitabine reported that hypomethylation of *p15* is the best indicator of response in leukemia.[@CIT0033] Additionally, a phase I clinical study conducted on MDS or AML patients receiving 5-azacitidine followed by sodium phenylbutyrate showed that the molecular mechanism responsible for responses to DNMTi and HDACi combination therapy might include the reversal of aberrant epigenetic gene silencing. In the trial, responding patients with pretreatment methylation of *p15* or *CDH-1* promoters exhibited a reversal of methylation during the first cycle of therapy, while the non-responding patients showed no demethylation. The study concludes that DNMTi and HDACi combination therapy would reverse the aberrant epigenetic silencing of genes in leukemia.[@CIT0034]

Integration of Tyrosine Kinase Inhibitors in AML Therapeutics {#S0006}
=============================================================

While the activity of tyrosine kinase receptor (TKR) is tightly regulated in normal cells, TKR signaling is dysregulated in many cancers. Therefore, TKRs are promising therapeutic targets. Activation of TKR has been demonstrated to activate RAS-RAF-MEK-MAPK, Src/JAK (Janus kinase) and PI3K-AKT pathways that trigger a cascade of downstream events related to the activation of cell proliferation ([Figure 1](#F0001){ref-type="fig"}).[@CIT0017] Among them, mutations of TKR-FLT3 are predominantly encountered in approximately 30--35% of AML cases, including internal tandem duplications (ITD\~25% of patients) and point mutations at the tyrosine kinase domain (TKD\~5--10%).[@CIT0005],[@CIT0010],[@CIT0011] FLT3 mutations result in a constitutively active kinase. In patients with FLT3/ITD mutations, the duration of remission is usually short and the relapse rate is high. They have high white cell counts at disease presentation and have normal or intermediate-risk karyotypes. FLT3/TKD mutations tend to confer slightly better prognosis.[@CIT0011],[@CIT0017] Preliminary data suggest an EFS advantage for the addition of FLT3 inhibitors to conventional induction chemotherapy in patients with AML.[@CIT0005] To date, most of the combinations have used a targeted-FLT3 inhibitor combined with standard agents such as anthracyclines, cytarabine or hypomethylating agents. Rationally designed combinations that will more specifically and directly alter the biology of the disease and show synergism have been investigated.[@CIT0008],[@CIT0010] FLT3 inhibitors include sorafenib (type I TKi) and quizartinib (type II TKi) that inhibit FLT3/ITD mutant receptor, and midostaurin, crenolanib and gilteritinib that inhibit both FLT3/ITD and FLT3/TKD mutant receptors ([Figure 1](#F0001){ref-type="fig"}). Most of these agents are multi-kinase inhibitors. The preclinical results reveal that the combination of midostaurin with the standard "3 + 7" induction regimen as first-line therapy would be beneficial for young AML patients with FLT3 mutations. Remarkably, midostaurin is an oral multi-kinase inhibitor, with activity against not only FLT3 kinase but also KIT, VEGFR, PDGFR, and protein kinase C, and is well tolerated.[@CIT0005],[@CIT0017] Preclinical studies have shown synergism between HMAs and midostaurin against FLT3-ITD AML ([Figure 1](#F0001){ref-type="fig"}).[@CIT0005] Midostaurin in combination with azacytidine in a phase I/II study on patients with RR-AML caused an ORR of approximately 26% in all patients and \~33% in patients with FLT3--ITD mutations. The combination was well tolerated. Accordingly, 75 mg midostaurin, three times daily, induced a ≥50% reduction in circulating and/or bone marrow blast count in about 79% of patients and in 70% of patients with FLT3-mutated RR-AML or high-grade MDS who could not routinely be candidates for common intensive chemotherapy with the goal of achieving a second CR (CR2).[@CIT0002] Another clinical trial evaluating the combination of midostaurin (50 mg twice daily), with "7 + 3" induction and high-dose cytarabine consolidation in young, newly diagnosed AML patients reported a 80% CR rate in FLT3-mutated patients vs 74% in FLT3-wild type patients.[@CIT0005],[@CIT0010],[@CIT0017] This study used a combination of midostaurin (50 mg twice a day), with daunorubicin (60 mg/m^2^/day × 3) and cytarabine (200 mg/m^2^/day × 7) induction therapy. This combination has been recommended for young patients newly diagnosed with AML to produce a high CR rate and OSR.[@CIT0017] Other studies have reported the benefits of adding sorafenib to "7 + 3" induction chemotherapy followed by up to three cycles of high-dose cytarabine consolidation in young AML patients that also used 'maintenance' sorafenib for 12 months for decreasing the risk of relapse.[@CIT0005] Additionally, two small molecules, imatinib mesylate (a tyrosine kinase inhibitor) and ATRA (which can induce complete responses in patients with the APL; AML M3) have spawned great interests as a rational combination for the treatment of AML. TKi imatinib mesylate represses the function of BCR-ABL kinase as well as other related tyrosine kinases, which has resulted in an 80% complete cytogenetic response rate in patients with chronic phase CML.[@CIT0009] Moreover, combinations of TKR targeted therapies and HDACi have been proposed which are expected to represent a novel approach for targeted cancer therapy. Recent studies have revealed that the combination of vorinostat (a pan-HDACi) and sorafenib (TKI) synergistically kills tumor cells.[@CIT0032]

Combination of Intracellular Toxins with Surface Receptor mAb in AML {#S0007}
====================================================================

Another strategy for targeted therapy of AML has been exemplified by gemtuzumab ozogamicin. It consists of monoclonal anti-CD33, a cell surface protein on tumor cells, which is chemically linked to a toxin from the class of calicheamicins. The drug initially received accelerated approval in 2000 as a stand-alone therapy for older patients with CD33-positive AML whose disease had returned after initially successful treatment. However, confirmatory clinical trials showed that it did not improve survival and was associated with serious side effects and early death. In 2010, the drug was voluntarily removed from the market by its manufacturer. Again in 2017, it re-emerged with an FDA approval for its use in adults with newly CD33-positive AML. The approval also covers the treatment of patients aged 2 and older with CD33-positive AML who have experienced a relapse or whose disease has not responded to initial treatment.[@CIT0035] Gemtuzumab ozogamicin also received European approval for combination therapy with daunorubicin and cytarabine for the treatment of patients age 15 years and above with previously untreated, de novo CD33-positive AML, except APL.[@CIT0036]

Other Promising Combination Therapies for AML {#S0008}
=============================================

On November 21, 2018, the FDA granted accelerated approval to venetoclax (a selective BCL-2 inhibitor) in combination with azacitidine or decitabine or low-dose cytarabine for the treatment of newly-diagnosed AML in patients ≥75 years, or those who have comorbidities that preclude the use of intensive induction chemotherapy. The approval was based on two open-label non-randomized trials.[@CIT0037] It is hoped that further randomized trials will strengthen its application for patients with AML.

Conclusion {#S0009}
==========

AML is a complex disease with multiple aberrant molecular pathways involved. It is therefore unlikely that blockage of any one specific pathway will lead to prolonged remissions and cures in more than a fraction of the patient population. Thus, combination strategies are absolutely required to improve outcomes. To date, most of the combinations have used a targeted agent combined with standard chemotherapy such as anthracyclines, cytarabine, or HMAs. Rationally designed combinations and sequence-specific administration that will more specifically and directly alter the biology of the disease and show synergism are required. Preliminary data suggest complete response advantages for prior addition of HDAC inhibitors and HMAs to the conventional induction chemotherapy of AML, and an induction rate advantage for the addition of the TKIs for patients with TKR mutations.
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[^1]: **Notes:** \*Patients had previously been heavily pretreated, refractory to a median of 2--3 prior consecutive induction regimens. **\*\***Complete responses were observed at 30 mg/m^2^, 40 mg/m^2^, and 52 mg/m^2^ of clofarabine, and escalated doses of 100 mg/m^2^/day and 440 mg/m^2^/day of etoposide and cyclophosphamide, respectively.

    **Abbreviations:** CR, complete remission; CRp, complete remission without full platelet recovery; PR, partial remission; Clof, clofarabine; Cycl, cyclophosphamide; Etop, etoposide.[@CIT0007]

[^2]: **Abbreviations:** DNA Pol, DNA polymerase; DNMT, DNA methyltransferase; RNR, ribonucleotide reductase; dCK, deoxycytidine kinase; RAR, retinoic-acid-responsive; PRT, phosphoribosyl transferase; G-CSF, granulocyte colony-stimulating factor; HHT, homoharringtonine; DNPS, de novo purine synthesis; TOP I/II, topoisomerase I and II; ATRA, all-trans retinoic acid; RAR-RXR, retinoic acid receptor α-retinoid X receptor heterodimer protein; HDACs, histone deacetylases; HDACi, histone deacetylase inhibitors; HMTs, histone methyltransferases; Bad, BH3-only pro-apoptotic protein-encoding genes; TKs, tyrosine kinases.

[^3]: **Abbreviations:** AML, acute myeloid leukemia; ATRA, all-trans retinoic acid; DLBLC, diffuse large B-cell lymphoma; HDACi, histone deacetylase inhibitor; MDS, myelodysplastic syndrome.[@CIT0014]
